Abstract-LCL filters are commonly used to connect voltagesourced converters (VSCs) to the grid. This type of filter is cheaper than a single inductor for the same current total harmonic distortion (THD), but it generates resonance problems if no active or passive damping method is applied. Active damping methods are becoming popular in the literature because they improve efficiency, but they are sometimes difficult to implement and additional measurements are required. This paper proposes an active damping method for VSCs connected to weak grids, which is based on making the open-loop phase zero at the resonance frequency. It will be shown that this strategy provides adequate damping of oscillations and that it can be achieved in two different ways: at the design stage (if the design constraints make it possible) or with an all-pass filter in series with the current controller. Two methods to design the all-pass filter are proposed. Also, the proposed active damping technique is compared with three alternatives already proposed in the literature. All the control algorithms are verified by simulation and in a 15-kW prototype of a three-phase VSC connected to a configurable weak grid via an LCL filter.
teracts with the VSC control system and, therefore, it has to be damped somehow. A solution to damp the resonance is to add a resistor in series with the LCL filter capacitor, and this is commonly known as "passive damping" [4] . Passive damping produces extra losses and reduces the LCL filter performance, but it is a robust solution widely adopted in industry when losses are not of paramount importance. Peña-Alzola et al. [5] propose a formulation to evaluate passive damping losses in grid-connected VSCs and some alternatives to reduce them are described. In a comprehensive approach, Beres et al. [6] propose a design procedure for high-order passive damping filters that makes it possible to minimize losses. However, with this type of solution the number and complexity of the hardware elements increase. When passive damping is not convenient, damping can be provided by the control system, and this commonly known as "active damping" [7] .
Multivariable controllers can be used to damp the resonance of LCL filters, but additional voltage and current measurements are required [8] , [9] . Bao et al. [10] solved this limitation by using an observer and the resulting closed-loop system was robust. In addition, Ochoa-Giménez et al. [11] propose a Kalman filter to estimate the LCL filter state variables in noisy environments, obtaining accurate estimations. Among multivariable controller alternatives, the "virtual resistor" is commonly applied to emulate the effect of a resistance by using an inner control loop [12] . However, Peña-Alzola et al. [7] revealed that processing and measurements delays reduce the effectiveness of this method and a carefully designed digital filter has to be added to the control loop. This active damping alternative can applied by measuring the capacitor voltage [7] or current [13] . In addition, Nguyen et al. [9] propose a multiloop controller that is robust against variations in the LCL filter parameters, which is a common problem in LCL filters. In [14] , the resonance of an LCL filter is damped by using a decoupled state-feedback controller. However, with this type of solution, it is difficult to figure out which pole position leads to robust performance [14] , [15] . Alternatively, Huerta et al. [16] select the controller gains by using a linear quadratic regulator (LQR), obtaining robust performance in noisy environments. The design of the LQR controller has also been addressed by Ochoa-Giménez et al. [11] , obtaining similar conclusions. As an alternative, Busada et al. [17] propose a high-order controller that makes it possible to choose the closed-loop poles location with a single loop.
Single-loop control strategies are popular in the literature since the number of sensors is minimized and, in general, they are easier to design than multivariable controllers. A Posicast controller is a single-loop control alternative that is easy to design, and it is placed in series with a classical controller (e.g., proportional-integral (PI)). This controller alternative was applied by Li et al. [18] to damp the resonance of a current-source converter with an LC filter, giving fast transients. Yao et al. [19] proposed another active damping method based on a notch filter that is simple, but the design has to be addressed carefully when variations in the grid inductance are expected. In addition, the virtual impedance concept was applied by Wang et al. [20] to control the grid-side current of an LCL filter, providing an adequate damping of the resonance without additional measurements. Fu and Li [21] applied neural networks to control the output current of an LCL filter with successful results, but in this case the design is not straightforward and the performance is difficult to predict. Alternatively, Komurcugil et al. [22] present a hysteresis current controller for a VSC with an LCL filter. However, this control technique is difficult to apply in highorder plants like in the LCL filter case.
Recently, the effects of delays in the open-loop transfer function of LCL filters have been studied by Lyu et al. [23] , revealing their impact over closed-loop stability. In this sense, Wang et al. [24] explore the effects of these delays taking into account the discrete-time implementation. A similar approach is followed by Chen et al. [25] . The results of these works are promising since they provide a simple solution to damp the resonance with a single control loop.
This paper presents a single-loop control strategy based on all-pass filters to provide active damping to VSCs with LCL filters connected to weak grids. First of all, it will be shown that active damping can be provided at the design stage if the design constraints allow it. However, when this is not possible, an allpass filter in series with the current controller is used with this purpose. Two alternatives to implement this filter are tested: a first-and a second-order all-pass filter. With this addition, a classical PI controller can be easily designed to control the grid-side current of the filter. It will be shown that this strategy provides large stability margins and fast transient responses. The proposed controllers will be compared with three active damping alternatives commonly applied in the literature. All the control system techniques proposed in this paper and the comparative analysis are verified in a 15-kVA prototype of a VSC with an LCL filter. A shorter version of this paper was presented in [26] . Fig. 1 shows the electrical diagram and the control system of a VSC connected to the grid via an LCL filter. A synchronous reference frame (dq) is used to simplify the controller implementation with a phase-locked loop synchronized with the positivesequence d-axis component of the grid voltage [1] . Therefore, the instantaneous active power (p(t)) can be controlled with i 2−d (t), whereas the instantaneous reactive power (q(t)) can be controlled with i 2−q (t) [1] .
II. ACTIVE DAMPING OVERVIEW

A. Control System Description
B. Modeling Equations
The transfer function that relates U i (s) with I 2 (s) for each phase (Laplace transforms of u i (t) and i 2 (t), respectively) can be written as
where
with L 2 = L 2 + L g and R 2 = R 2 + R g , while L g and R g model the weak grid (inductive grid is assumed). The proposed active damping method is based on frequency-response techniques, so it can be applied even if more advanced grid models are used. The transfer function typically contains a low-frequency pole, a pair of high-frequency complex poles, and a high-frequency zero. The complex poles resonance frequency is [4] 
The plant in (1) can be discretized with the zero-order hold (ZOH) method, together with a number of processing and measurements delays (n), yielding
where z is the discrete-time Laplace variable [27] .
C. Classical Current Controller With LCL Filters
A PI controller can be used to track constant set points of i 2−d and i 2−q if the grid voltage is balanced [1] . Therefore
where K p and K i are the proportional and integral gains, respectively. Fig. 2 shows the Bode plot of P 2 (z) and G 2 (z) = P 2 (z)C 2 (z), where C 2 (z) is a PI controller designed with a phase margin (φ m ) of 65 • , whereas t s is the sampling period (f s = 1/t s is the sampling frequency). The system parameters are defined in Section VII-B. The phase of G 2 (z) is hardly modified at high frequency, and the system is not well damped. Therefore, it is clear that the damping problem cannot be solved with this type of controller since a PI controller has almost no effect on the resonance frequency. 
D. Proposed Active Damping Solution
The core of the active damping method proposed in this paper is to guarantee zero phase at the resonance frequency. This condition can be written as
Fig . 3 shows the open-loop Nichols chart of P 2 (e j ω t s ), for two different cases. For the first case, φ g ≈ 80
• , whereas for the second case φ g = 0
• (remember that φ g ≈ φ p ). When φ g ≈ 80
• , one phase margin (φ Therefore, the fulfilment of φ g = 0
• will produce controllers with large stability margins.
In this paper, two alternatives to achieve φ g = 0 are explored.
1) Active Damping at the Design Stage:
With this method the resonance frequency (ω r ) or the sampling period (t s ) are modified to achieve φ g = 0
• without any control system addition.
2) Active Damping With All-Pass Filters: If active damping cannot be provided at the design stage (e.g., ω r and t s cannot be modified due to design constraints), a unitary-gain digital all-pass filter [28] , called D(z), is proposed to achieve φ g = 0
• . From Fig. 4 , we obtain
The frequency response of (7) at the resonance frequency is
The all-pass-filter structure of D(z) provides unitary gain in the whole frequency range. Therefore, |D(e j ω t s )| = 1 ∀ω. Meanwhile, the filter coefficients will be designed so that φ g = 0
• . This condition can be written as follows:
Therefore, φ d (the phase introduced by the all-pass filter) should be chosen so that (9) is satisfied. As D(z) is an all-pass filter, |D(e j ω t s )| = 1 ∀ω and high-frequency noise is not amplified. This feature also simplifies the design of the current controller since the original module of P 2 (z) is not modified (only the phase).
Two versions of the filter D(z) are explored in this paper. The first alternative is a first-order all-pass filter, whereas the second one is a second-order all-pass filter. The following will be shown.
1) A first-order all-pass filter provides adequate damping of oscillations and is robust against grid inductance variations. However, it slightly slows down the transient response. 2) A second-order all-pass filter is proposed as an alternative solution to make the transient response faster. However, it will be shown that this alternative slightly reduces the system robustness against grid inductance variations. Finally, the proposed active damping method is compared with three popular active damping alternatives already proposed in the literature.
E. Robustness Against Grid Inductance (L g ) Variations
The closed-loop system robustness against L g variations can be quantified with
assuming that φ c ≈ 0
• . The lower the value of |dφ g /dL g | is, the less sensitive φ g is to changes in the resonance frequency.
This means that the damping condition will be less affected by changes in L g . It will be shown that dφ g /dL g can be modified when D(z) is designed. However, if widespread variations of L g are expected, a zero-pole study may be more appropriate than minimizing |dφ g /dL g |.
III. ACTIVE DAMPING AT THE DESIGN STAGE
As shown before, at the resonance frequency φ c ≈ 0, so φ g ≈ φ p . The value of φ p can be estimated by analyzing the poles and zeros of P 2 (z). First of all, the low-frequency pole contribution to φ g is almost −90
• . Second, the resonant poles provide almost no phase until their resonance frequency is reached, when the phase suffers a −180
• phase shift centered at ω r . Finally, the phase introduced by the delays is −nω r t s rad, while the highfrequency zero has almost no contribution to the phase at ω r . Taking into account all the considerations above, the condition that makes φ g = 0
• can be approximately written as
It can be seen that there are two alternatives to fulfil (11) , which are to modify ω r or t s . However, design constraints can limit the applicability of this strategy since these parameters are generally set by the application. Clearly, the simplified formula in (11) can be replaced by the actual value of φ p calculated with P 2 (e jω r t s ), but (11) provides valuable information to understand the damping problem.
IV. ACTIVE DAMPING BASED ON ALL-PASS FILTERS
If active damping cannot be provided at the design stage due to design constraints, an all-pass filter in series with the current controller is proposed in this section. Two methods to design this filter are proposed.
A. Alternative 1: First-Order All-Pass Filter
The simplest alternative for D(z) is a first-order digital allpass filter [28] , [29] 
where d ∈ (0, 1) can be modified to adjust the filter phase at the resonance frequency. If d ∈ (0, 1), the filter is unstable. The phase of D (e j ω t s ) at ω r is [29] 
− ω r t s .
(13) Fig. 5 shows the phase of D (e j ω t s ) (f s = 10 kHz) for d ∈ (0, 1). The phase for a given resonance frequency ω r (f r in Hertz) can be modified by changing d . Therefore, the value that gives φ d can be solved from (13), yielding
As shown in Fig. 5 , D (z) cannot provide any phase value between 0
• and 360
• . Therefore, if more phase is required, a higher order all-pass filter can be used instead [29] . A simple solution is to use m filters like (12) in series, thus
Now, φ d can be divided between these m filters, yielding
The minimum and maximum phase that each of these filters is able to provide can be calculated from (14) by making d = 0 and d = 1, respectively
In order to calculate the number of D (z) filters required to provide φ d , (16) and (17) can be merged, yielding
The main drawback of this method is that the phase introduced at low frequency can significantly slow down the transient response.
B. Alternative 2: Second-Order All-Pass Filter
If the transient response obtained with the first-order all-pass filter in (12) is not fast enough, the latter can be replaced by an hth-order all-pass filter. This filter can be used not only to guarantee that φ g = 0 but also to set the phase at other frequencies. This additional degree of freedom is used here to improve the transient response.
An hth-order all-pass filter can be defined as follows:
where a k are the filter coefficients and k is an auxiliary index. If a 0 = 1 in (19), the filter has unitary gain. The phase response of this filter is [29] 
where φ is the phase introduced by (19) at any given frequency (ω). This expression can be rewritten as follows: This result can be used to adjust the phase of h frequencyresponse points (φ 1 at ω 1 , φ 2 at ω 2 , etc.). Together with a 0 = 1, this yields a set of h + 1 linear equations
where A is a (h + 1) × (h + 1) matrix, whereas B is a (h + 1) × 1 matrix. This system of equations is linear. Therefore, it can be solved as follows:
This design method can give an unstable filter if the points are not chosen carefully, so one must verify that D (z) is stable. A possible solution is to use a single high-order filter that adjusts h points. Unfortunately, it has been found difficult to find a set of frequency-response points that leads to a stable filter when h > 2. To avoid this situation, a second-order filter is chosen to adjust φ 1 at ω 1 and φ 2 at ω 2 . Therefore, point 2 is used to compensate φ p at ω r , whereas point 1 is used to improve the transient response. The phases φ 1 and φ 2 can be provided by m filters, therefore
A first approximation for m can be obtained with the first-order filter formulas. Therefore
although the validity of this result must be verified when the coefficients are computed. 
V. PRACTICAL ACTIVE DAMPING GUIDE
The concepts explained in Sections III and IV have been organized in a guide so that the proposed active damping method can be easily applied.
1) If possible, design the converter to guarantee that φ p = 0
. If this condition is met, active damping is provided at the design stage. This means that D(z) is not necessary and a classical PI controller is enough to control the output current. Fig. 7 . Implementation of (a) a first-and (b) a second-order all-pass filter. The structure is similar for each phase (abc). For the first-order all-pass filter:
2) If φ p differs to a great extend from zero, try the first-order all-pass filter to fulfil φ g = 0 • : a) first, use (18) • ) for the second point. The closer the value of φ 1 is to zero, the faster the closed-loop system would be. b) Obtain the filter coefficients by solving (22) and verify that D(z) is stable. c) Use a PI controller for C 2 (z) and design it by using any classical method, but taking into account that D(z) is in series with P 2 (z). 4) If the design does not fulfil the requirements, modify the frequency-response points used to design D(z). It is worth pointing out that in this paper D(z) is not changed during operation. However, it is easy to see that it can be adapted in real time if the grid impedance is estimated.
The proposed active damping solutions have been implemented as shown in Fig. 7 . The filters are implemented in abc coordinates.
VI. ALTERNATIVE ACTIVE DAMPING SOLUTIONS
This section describes three active damping alternatives that will be compared with the one proposed in this paper: a notch filter, a virtual resistor, and an LQR controller.
A. Comparative Alternative 1: Notch Filter
Notch filters have been proposed by several authors to solve the damping problem [19] , [30] . These filters are easy to design and no additional measurements are required to damp the resonance [30] . The block diagram in this case is similar to that in Fig. 4 , but D(z) has to be replaced by a notch filter, called N (z), which is defined as follows:
where ω n is the notch frequency, and ρ ∈ (0, 1) is a parameter used to adjust the filter narrowness. The gain (1 + ρ 2 )/2 provides unitary dc gain so that low-frequency dynamics are not modified. Other formulations of this filter are also possible [19] . Typically, the notch frequency of the filter is selected to cancel out the resonance frequency of the LCL filter, as shown in Fig. 8 (dashed) . However, if the grid inductance changes, the notch filter will not be tuned at the resonance frequency and this can potentially lead to instability [19] . Fig. 8 (dotted) shows that, when L g = 5 mH (weak grid), the resonance peak is not canceled. Anyway, the closed-loop system is stable, but this effect is due to the open-loop phase value at the resonance frequency (not because of the reduction in the module). Therefore, for weak grids the value of ω n and ρ should be selected so that the closed-loop system remains stable regardless the value of L g [19] .
Like in the all-pass-filter alternative, the notch filter can be adapted in real time if the resonance frequency is identified. However, to make a fair comparison, this feature has not been applied here (adaptive controllers are not studied in this paper).
B. Comparative Alternative 2: Virtual Resistor
With this alternative, the current through the filter capacitor (i c ) is multiplied by a virtual resistor (R v ) in order to emulate (virtually) the effect of a resistor in series with the capacitor [7] , [31] . To achieve this goal, the following term is added to the original command ( u i )
This method can give accurate results if the sampling period is fast enough. However, digital implementation delays limit the direct application of this method and a phase compensator is commonly added to solve this issue [7] . The virtual resistor with the compensator can be written as follows:
where R v is the effective value of the virtual resistor, whereas α 0 , α 1 , β 0 , and β 1 are the compensator parameters that can be obtained as suggested by Peña-Alzola et al. [7] .
C. Comparative Alternative 3: Multivariable LQR Controller
With this alternative, a state-feedback controller that includes all the system state variables is applied. The closed-loop pole position is selected by solving the LQR problem in order to obtain a robust controller [32] . The LQR design methodology produces very robust controllers, so it is an appropriate choice to control VSCs connected to weak grids. In this paper, the control problem is posed in discrete by using a complete state-space model of the system. Therefore, the cross-coupling terms and the delays are included in the optimization problem [11] , [33] .
The command signal of the VSC with a state-feedback (LQR) controller is
where X e [k] is the extended version of the state variable vector, which includes the state variables of the LCL filter (in dq), two delays in the command signals, and an integral controller for the current of each axis [11] , [14] , [33] . The command signal of the power converter is U i [k] . The gain of the controller is K opt and its value is obtained by minimizing the following index:
where superscript T means transposed, whereas Q and R are weighting matrices that are used to design the controller. Detailed information of the design procedure can be found in [11] and [16] . For the scope of this paper, it is worth pointing out that robustness is against transient performance. Therefore, to perform a fair comparison, the transient speed has been made similar to the other alternatives.
VII. CASE STUDY
A. System Description
The nominal grid conditions are 400-V RMS (phase-tophase) and 50 Hz. The LCL filter parameters are L 1 = 2.3 mH (R 1 = 70 mΩ), L 2 = 0.93 mH (R 2 = 30 mΩ), and C f = 23.8 μF (R d = 0 mΩ). An additional transformer with 1-mH leakage inductance is used to connect the VSC to the grid. Therefore, f r = 1.27 kHz without the transformer, and f r = 1.0 kHz with it. Weak grid conditions are emulated inserting inductances between the grid and the LCL filter. Therefore, L g can be varied from 0 to 5 mH (plus the connection transformer). Two designs have been carried out in order to highlight the contributions of this paper: 1) damping is achieved at the design stage; 2) damping is achieved with a first-and a second-order allpass filter. Finally, the robustness of the control system alternatives against L g variations is compared.
B. Prototype Description
The proposed control system has been tested in the Smart Energy Integration Lab (SEIL) [34] , [35] . The dc-link voltage is maintained constant with an additional rectifier. The sampling (f s ) and switching (f sw ) frequencies are equal and can be varied from 5 to 20 kHz. Pulse width modulation (PWM) with third harmonic injection is used [1] . The control system is implemented in a embedded PC [34] . The controller has two inherent delays (n = 2), one due to computations and another due to measurements. Decoupling equations are used to control the dq-axis dynamics, independently [36] . Fig. 9 shows the hardware diagram of the laboratory. The VSC1 is connected to the ac busbar 1. The busbars 2, 3, and 4 are used to introduce the network impedances, whereas the busbar 5 is connected to the grid. An additional rectifier is used to maintain the dc voltage constant. Fig. 10 shows a photograph of the SEIL, including the details of electrical cabinets. The network impedances are connected between buses by using electromechanical switches. This makes it possible to emulate weak grid conditions. The power converters are connected to the busbars via LCL filters and coupling transformers.
C. Simulator Description
A simulator has been developed by using MATLAB and Simulink, with its SimPowerSystems Toolbox. The electric power system and the VSC are simulated with SimPowerSystems. Meanwhile, the control system is implemented in Simulink by using the z-transform. A finite-state machine is used to manage the connection and disconnection to the grid. For the real-time implementation, the control algorithm developed in Simulink is directly downloaded to the embedded PCs by using an automatic code generation tool. Therefore, there are no differences between the control algorithms used for the simulations and the experiments (apart from implementation effects such as quantization, etc.).
D. Achieving Damping at the Design Stage
Since the LCL filter values and n have been already set, only t s can be modified to provide active damping at the design stage. This situation is not common in industry since t s is generally set by the application, but it is explored here for demonstration purposes only. Fig. 11 shows φ p when f s changes. For f s ≈ 5 kHz, φ p ≈ 0
• . Fig. 12 shows the frequency response of P 2 (z) and G 2 (z) when f s = 5 kHz. The controller C 2 (z) has been calculated with φ m = 45
• and implemented as shown in (5). The phase of C 2 (z) at ω r is φ c = −1
• , so it hardly affects φ • , whereas A m 1 = 7 dB and A m 2 = 22 dB. The oscillating frequency (ω u ) of the plant is 500 Hz, approximately, and it is slightly affected when C 2 (z) is applied. Fig. 13 shows the frequency response of P 2 (z) and G 2 (z) when f s = 9 kHz and D(z) compensates the plant phase at Fig. 12 . Open-loop frequency response of (dotted) P 2 (z) and (dashed) G 2 (z) when damping is provided at the design stage (f s = 5 kHz). • . The lower the value of φ 1 , the higher the ω u . Fig. 17 shows the simulation results for step changes in i * 2−q . Fig. 17(a) shows the results when f s = 5 kHz. The transient is fast and oscillations are well damped. Fig. 17(b) shows the same experiment, but with f s = 9 kHz. There are large oscillations in the grid current and the system is close to instability. Fig. 17(c) shows the results when f s = 9 kHz, but in this case D(z) is applied. The transient is well damped and the oscillation in Fig. 17(b) has disappeared. The transient response is very similar to that in Fig. 17(a) . Fig. 17(d) shows the transient response when f s = 9 kHz with D(z) and L g = 5 mH (R g = 0 Ω). The transient response is slow, but the closed-loop system is stable and the resonance is still damped. • . The closer is φ 1 to zero, the faster the transient response. However, for φ 1 = −5
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• the oscillation in the output current is not very well damped.
IX. EXPERIMENTAL RESULTS: PROPOSED METHOD
1) Active Damping Provided at the Design Stage:
The sampling frequency is f s = 5 kHz, so active damping is provided at the design stage, as shown in Fig. 12 (D(z) is not necessary). Fig. 18 (top) shows the transient performance of the VSC when the i * 2−q is changed from 0 to 15 A (RMS). It is worth pointing out that the current has harmonic distortion because the grid is distorted. It can be seen that the transient response of the closed-loop system is perfectly damped and that there are no oscillations in the output current. The current total harmonic distortion (THD) is 3.6%, and the VSC efficiency 95.9% (measured at nominal current).
2) Active Damping With First-Order All-Pass Filters: Fig. 19 shows the VSC output current when D(z) is connected in series with the current controller. The sampling frequency is f s = 9 kHz (see Fig. 13 ). The high-frequency oscillation disappears when D(z) is connected. Fig. 18 (bottom) shows the transient performance of the VSC when the q-axis set-point is modified from 0 to 15 A (RMS). It can be seen that the transient response is slightly slower compared to the one in Fig. 18 (top) , but sill is fast. The current THD is 3.0%, and the efficiency of the VSC is 95.6%. Compared to the previous case (damping provided at the design stage), the THD is slightly better. This is because the switching frequency is 9 kHz, whereas for the other case it was 5 kHz. Conversely, the efficiency slightly decreases due to the additional switching losses.
3) Active Damping With Second-Order All-Pass Filters: Fig. 20 shows the transient response when a second order allpass filter is used (φ 1 = −5
• and φ 1 = −10 • ). It can be seen that the transient is slightly faster when φ 1 approaches zero. However, the THD is 3.7% and the efficiency is 95.2% for φ 1 = −5
• , whereas the THD is 3.4% and the efficiency is 95.4% for φ 1 = −10
• . This reveals that the resonance is less damped compared to the first-order all-pass filter case. Fig. 21 shows the transient response when L g = 5 mH and a first-order allpass filter is used (f s = 9 kHz). It is worth pointing out that the current has harmonic distortion because the grid is distorted. The transient is slow, mainly due to the PI controller detune. However, the high-frequency oscillation is still damped. Fig. 22 shows the closed-loop poles for the alternative active damping solutions when L g is modified. First of all, with the notch filter the damping factor of the resonant poles is small, even for L g = 0 mH. When the grid inductance increases the resonant poles are always stable, but they remain very close to the unstable region. For the current-capacitor feedback controller, the resonant poles are well damped and the damping factor remains almost constant when the grid inductance increases. It can be seen that the low-frequency dynamics of alternatives (a), (b), and (c) are very similar. Finally, the LQR controller gives an outstanding damping of the resonant poles. Meanwhile, the low-frequency poles approach zero when L g increases. The results obtained with the LQR controller are clearly more robust compared to those obtained with the other control alternatives. For the single-loop control strategies (all-pass filter and notch), the all-pass filter gives a better attenuation of the resonance. Fig. 23 shows the transient responses obtained with the alternative controllers when the grid is weak (L g = 5 mH) and a step change is applied to i * 2−q . The transient response obtained with the notch filter is the slowest one, and it has a large overshoot. The THD is 2.4%. With the capacitor current feedback, the transient is smooth and it does not have overshoot. The THD is 2.2%. Finally, the LQR provides the fastest transient, but the THD slightly increases up to 2.7%.
4) Active Damping with Weak Grid Conditions:
X. COMPARATIVE ANALYSIS
A. Robustness Against Grid Inductance Variations
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XI. CONCLUSION
This paper has shown a method to damp the resonance of LCL filters with a single control loop, which is based on making the open-loop phase zero at the resonance frequency. It has been shown that this goal can be achieved at the design stage by changing the sampling period or the resonance frequency. However, when this is not possible, a solution based on all-pass filters has been proposed. All the proposed control improvements have been verified theoretically, by simulation, and in a 15-kW prototype of a VSC connected to a configurable weak grid.
It has been shown that the simplest solution is to guarantee stability at the design stage: This simplifies the PI controller design and makes it possible to achieve fast transient responses because no additional additional delays are added to the control loop. However, when this alternative cannot be applied due to design constraints, a first-order all-pass filter is a simple solution. This alternative is robust, but it slightly slows down the transient response. If faster transient responses are required, a second-order all-pass filter can be applied. However, with the second-order all-pass filter the closed-loop system is less robust when the VSC is connected to a weak grid and the current THD worsens.
The proposed active damping method has been compared with three popular alternatives: a notch filter, a capacitor-current feedback, and an LQR controller. The notch filter makes the closed-loop system stable, but the closed-loop poles are not very well damped. However, the THD is low. With the capacitor current feedback the closed-loop poles are well damped regardless the grid inductance value. However, an additional measurement is required. Finally, the LQR controller provides the best transient performance and robustness against grid inductance variations. However, all the system state variables must be measured unless a state observer is used.
